Abstract
Introduction
Cell sociology involves a language based on molecular recognition between cell-surface carbohydrates and proteins. 1 The biosynthesis of the surface oligosaccharides uses glycosyltransferases and glycosidases as catalysts. Inhibitors of these enzymes 2 are important molecular tools for glycobiology, and can be used to modulate cellular functions. They are also potential drugs in new therapeutic strategies. 3 Among the most potent glycosidase inhibitors are polyhydroxypiperidines (1,5-dideoxy-1,5-iminoalditols) that are mimics of the glycosyl cation 2b with (2R)-aminomethyl side chains can be highly selective and competitive inhibitors of α-mannosidases, especially for Ar = phenyl, thiophenyl. Clinical trials have shown that swainsonine 3, a natural α-mannosidase inhibitor that contains a 4-amino-4-deoxy-mannofuranoside moiety, 9,10 reduces solid tumors and hematological malignancies. 11 Analogues of 3 have also shown interesting properties. 12 Mannosidase inhibitors mediate increased secretion of mutant α1-antitrypsin Z. They are thus leads in the development of drugs for the chemoprophylaxis of liver injury and emphysema in patients with α1-antitrypsin Z deficiency. 13 Mannostatin A and B isolated from the soil microorganism Streptoverticillum verticillus 14 and a synthetic analogue 15 are probably the most potent inhibitors of α-mannosidases reported so far. 16 Often α-mannosidase inhibitors that are monosaccharide mimics 4a,17 also inhibit other types of glycosidases, 18 in particular α-L-fucosidases. 4a,19 To become a drug, a good inhibitor must satisfy a number of conditions apart from its low toxicity and enzyme specificity. 20 We have envisioned that polyamines containing two (2R,3R,4S)-2-(aminomethyl)-3,4-dihydroxypyrrolidine fragments could be alternative α-mannosidase inhibitors with improved pharmacological properties. We report here the synthesis of five tetramines 4 (Figure 2 ). We have also prepared triamine 5 that contains two (2S,3R,4S)-2-(1-aminoeth-2-yl)-3,4-dihydroxypyrrolidine moieties, as well as its enantiomer ent-5. These new compounds have been assayed for their inhibitory activity toward 24 commercially available glycosidases, and in particular toward α-mannosidase from jack bean, an enzyme known to be a useful model for mammalian α-mannosidases such as Golgi α-mannosidase II. 21 Whereas triamine ent-5 does not inhibit any of the enzyme tested (except for a poor 38% inhibition of β-glucosidase from almond at 1 mM concentration), its enantiomer 5 is a moderate inhibitor of α-mannosidase from jack bean (K i = 74 µM) and from almond (K i = 92 µM). Among the five tetramines 4, best inhibitory activities toward these enzymes were found with 4a and 4e. But contrary to inhibitors of type 2b, these polyamines are less enzyme selective. 
Results and Discussion

Synthesis of the polyamines
Tetramines 4 were all prepared from aldehyde 6 8 by reaction with the corresponding diamine H 2 N-A-NH 2 (1.8 equivalent) in the presence of NaBH(OAc) 3 22 for in situ reduction of the resulting diimine intermediate (Scheme 1) .
4(a-e), 50 to 90% yield Scheme 1. Synthesis of tetramines 4.
The so-formed semi-protected tetramines were treated with aqueous CF 3 COOH, at room temperature, to cleave the Boc and acetonide moieties. Overall yields based on 6 ranged from 50 to 90%.
Triamines 5 and ent-5 were derived from aldehydes 8 and ent-8, themselves derived from Land D-arabinose, respectively 23,24 (Scheme 2). Treatment of a 1:1.1 mixture of 8 and benzylamine with NaBH(OAc) 3 in 1,2-dichloroethane resulted in the formation of 9 and 10 with 46% and 18% yield, respectively. Using a half equivalent of benzylamine, 10 was obtained in 55% yield. Hydrogenolysis of the benzyl group (10% Pd / charcoal, THF/MeOH) gave 11 in 98% yield. Deprotection under acidic conditions provided 5 in almost quantitative yield. The same reactions were applied to ent-8 providing ent-(9-13). Compound ent-8 was obtained from known 14 24 after Boc-protection and reduction with DIBAL-H. 
Glycosidase inhibitory activities
Appropriate p-nitrophenyl pyranosides were used as substrates and commercially available glycosidases (see below and Table) were used as catalysts of the buffered hydrolysis under optimal pH. 25 At 1 mM concentration and under optimal pH conditions tetramines 4 and triamines 5 and ent-5 did not inhibit the following enzymes: α-L-fucosidase from bovine epididymis, α-D-galactosidases from coffee bean, Aspergillus niger and E. coli, β-galactosidase from orizae, β-D-mannosidase from Helix pomatia, β-N-acetylgalactosamidase from jack bean, bovine epididymis A and B. The inhibitory activities toward other glycosidases are reported in Table 1 . We have found that (2R,3R,4S)-2-aminomethylpyrrolidine-3,4-diol 2a is a weak inhibitor of α-mannosidase from jack bean and from almond. This diamine also moderately inhibits β-galactosidases, α-glucosidases and β-glucosidases. Derivatives 2b are much better and more selective α-mannosidase inhibitors.
8 Thus, we expected that compounds 4 and 5 would also show improved inhibitory activities toward α-mannosidases. This is indeed the case for 4a with the tetramethylene linker, and for 4e with the p-benzenedimethylene spacer. Both are competitive inhibitors. The bad surprise is that these tetramines also inhibit other glycosidases, moderately though, except for 4a which is a good, non-competitive inhibitor of β-glucosidase from almond. This result suggests that 4a "sticks" to this enzyme and inhibits it for allosteric reasons, a mechanism different from that making 4a a competitive inhibitor of α-mannosidases.
Tetramine 4b with the hexamethylene linker and analogues 4c and 4d with diphenylmethane linkers are poor inhibitors in terms of both potency and selectivity. They are even worse than simple diamine 2a. As (2S,3R,4S)-2-(2-aminoethyl)pyrrolidine-3,4-diol 13 is a weak inhibitor of α-mannosidase, although the side chain is in a β-configuration rather than α, we envisioned that triamine 5 might have improved inhibitory activity. Interestingly, we find 5 to be a more potent α-mannosidase inhibitor than 13. Unfortunately, it is not a more selective inhibitor than 13
because it inhibits moderately a few α-glucosidases, β-glucosidases and α-N-acetylgalactosamidase from chicken liver ( Table 1) . As expected, triamine ent-5, which does not share the configuration of any of the hexoses liberated during the hydrolytical process catalyzed by the enzymes used in this study, ignores all these glycosidases.
Conclusions
The conjugation of two (2R,3R,4S)-2-(2-aminomethyl)pyrrolidine-3,4-diols by their primary amines to alkane or arene linkers can generate potent α-mannosidase inhibitors. This work opens a new road in the search for new glycosidase inhibitors. Analogues of tetramines 4a and 4e that will be more enzyme selective remain to be made. Glycosidase inhibitions. A known protocol was applied. 25, 26 We verified that the delay of inhibitor/enzyme incubation did not affect the inhibition measurements. Under standard conditions, optimal inhibitory activities were measured after five minutes of incubation.
Reductive amination. General procedure A. To a solution of N-[(t-butoxy)carbonyl]-2,5-
dideoxy-2,5-imino-3,4-O-isopropylidene-L-ribose (200 mg, 0.737 mmol) in anhydrous 1,2-dichloroethane (7 mL) were added the diamine (0.6 eq, 0.442 mmol) and NaBH(OAc) 3 (1.8 eq, 281 mg, 1.327 mmol). The solution was stirred at 50 °C for 12 h and then poured into a sat. aq solution of NaHCO 3 (20 mL). The mixture was extracted with EtOAc (3 x 20 mL). The combined organic extracts were dried (MgSO 4 ) and concentrated under reduced pressure. The residue was directly used in the deprotection step.
Reductive amination. General procedure B. To a solution of N-[(t-butoxy)carbonyl]-2,3,6-
trideoxy-3,6-imino-4,5-O-isopropylidene-L-(or D-) arabino-hexose (1 mmol) in anhydrous 1,2-dihloroethane (3 mL) were added benzylamine (118 mg, 1.1 mmol) and NaBH(OAc) 3 (276 mg, 1.3 mmol). The solution was stirred at r.t. for 3 h and then poured into a sat. aq solution of NaHCO 3 (20 mL). The mixture was extracted with EtOAc (3 x 20 mL) and the combined organic extracts were dried (MgSO 4 ). After solvent evaporation under reduced pressure the residue was purified by flash chromatography on silica gel (CH 2 Cl 2 /MeOH 60:1 to 5:1).
Deprotection. General procedure C. A solution of bis (pyrrolidine) derivatives in CF 3 COOH / H 2 O (4:1; 5-10%) was stirred at 20 °C for 2 h. After solvent evaporation in vacuo, the residue was purified by flash chromatography on silica gel (MeCN/aq NH 3 ). 
Deprotection. General procedure D.
2R,3R,4S)-2-[[6-[[[(2R,3R,4S)-3,4-Dihydroxypyrrolidin-2-yl]methyl]aminohexyl]aminomethyl]pyrrolidine-3,4-diol (4b).
Procedure A was applied to 1,6-diaminohexane (51 mg, 0.442 mmol) to afford crude 7b (155 mg). Deprotection according to procedure C gave 4b (86 mg, 56% yield, 2 steps) as a colorless oil. , 64.77; H, 7.09; N, 13.14. Found: C, 64.34; H, 7.28; N, 12.99 . (2R,3R,4S)-2-[[7-[[[(2R,3R,4S) C 58.67; H 8.75; N 15.21. Found: C 58.42, H 8.60, N 15. -(tert-butoxycarbonyl)-2,3,6-trideoxy-3,6-imino-4,5-O-iso- propyliden-D-arabino-2-hexanoate (15) (0.76 g, 2.32 mmol) in dry dichloromethane (10 mL), was added dropwise a solution of DIBAL-H in dichloromethane (1 M, 4.6 mL, 4.6 mmol) at -78 ºC under Ar. After 2 h at -78ºC MeOH (4 mL) was slowly added, and the reaction mixture was left to warm up to r.t. Then the mixture was cooled to 0 ºC, HCl (1M, 10 mL) was added, and the mixture was extracted with dichloromethane (4x50 mL). The organic layer was washed This product showed NMR and IR spectra identical to those of its enantiomer 11.
N,N-Bis[N-(tert-butoxycarbonyl)-[(2R,3S,4R)-3,4-O-isopropylidenoxy-pyrrolidinyl]ethyl] amine (ent-12).
A solution of ent-10 (90 mg, 0.14 mmol) in THF-MeOH (1.5 mL / 1.5 mL) was hydrogenated for 1.5 h under 1 atm with Pd/C (10% on charcoal, 22 mg). The mixture was filtered through a pad of Celite and concentrated in vacuo to afford ent-11 (78 mg, 100%) as white solid. 
